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ABSTRACT 

 

TARGETING CHRONIC MYELOGENOUS LEUKEMIA WITH IMATINIB AND GLYCYRRHIZIC 
ACID COMBINATION THERAPY 
By: Adir Mohaban 
Under the direction of Dr. Robert J. McKallip, PhD 
 
 

Chronic myelogenous leukemia (CML) is a myeloproliferative neoplasm 

characterized by enhanced proliferation of granulocytes and their progenitor cells. An 

estimated 8,990 new cases of CML were diagnosed in 2019 and the prevalence of CML 

has been on the rise since the discovery of tyrosine kinase inhibitors (TKIs) in 2001. 

Imatinib (IMT), the first TKI approved for clinical use, is the gold standard for CML 

treatment, although rising resistance often require patients to switch TKI therapy at 

least once. Glycyrrhizic acid (GA) is a versatile drug due to its numerous reported 

therapeutic properties. Anti-tumor properties of GA indicate its use as a 

chemotherapeutic agent, and previous data from our lab has found apoptosis-inducing 

effects of GA in CML cell lines. We hypothesize that an IMT + GA combinational therapy 

would allow for better targeting of TKI-sensitive and TKI-resistant forms of chronic 

myelogenous leukemia. 

In the current study we examine the efficacy of combined IMT and GA therapy 

on chronic myelogenous leukemia cell lines. Cell proliferation and viability post-



 

 x 

treatment were determined using Trypan Blue exclusion and MTT assay. Induction of 

apoptosis post-treatment was examined using Annexin V-FITC assay and Western Blot 

analysis. The protective effect of hyaluronic acid (HA) against treatment was determined 

using MTT assay. Proliferation and viability of CML cell lines was negatively correlated 

with IMT + GA cotreatment in a dose-related manner. The expected IMT-induced 

apoptosis of CML cells was further enhanced when GA was added to treatment at a 

concentration of 2.0 mM. At these concentrations of GA in combination with IMT, 

enhanced PARP cleavage compared to control. No protective effect against IMT + GA 

treatment was found with the addition of exogenous HA. Together these data show that 

chemotherapy consisting of imatinib and glycyrrhizic acid may be a novel method of 

treatment for CML. Furthermore, we began to investigate the mechanism of action of 

GA in CML therapy. Changes in gene expression patterns, following GA treatment, of 

genes involved with the synthesis and cleavage of HA and genes involved in the 

SUMOylation pathway were examined using RT-qPCR. Significant changes were seen in 

the genes related to HA modulation, although no significant changes were seen in genes 

related to SUMOylation. Further examination is required to elucidate the mechanism of 

action of GA in the therapy of CML.
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CHAPTER 1 

INTRODUCTION 

 

Chronic myelogenous leukemia (CML) is a myeloproliferative neoplastic disorder 

of hematopoietic stem cells characterized by a genomic abnormality. A t(9;22)(q34;q11) 

reciprocal translocation results in the juxtaposition of the BCR and ABL genes (Figure 1). 

The now truncated chromosome 22 is termed the Philadelphia (Ph) chromosome and 

houses this BCR-ABL fusion gene coding for the BCR-ABL1 oncoprotein (Nowell and 

Hungerford 1960; Rowley 1973). The normal function of the ABL gene product is a 

cytoplasmic and nuclear tyrosine kinase involved in cell division, adhesion, and cellular 

stress response roles. When fused to the BCR gene, the tyrosine kinase activity of the 

new oncoprotein becomes 

constitutively active. This aberrant 

tyrosine kinase activity leads to 

the disruption of numerous 

cellular pathways, including 

Ras/MAPK, JAK/STAT, and 

PI3K/Akt pathways, ultimately 

leading to enhanced proliferation, 

decreased apoptosis, and impaired transcription (Melo and Deininger 2004; Cilloni and 

Figure 1. Formation of the Philadelphia chromosome. For the 
National Cancer Institute © 2007 Terese Winslow LLC, U.S. Govt. has certain rights 
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Saglio 2012). Although the BCR-ABL1 oncoprotein is a hallmark of chronic myelogenous 

leukemia, it does not provide a definitive diagnosis as this genomic abnormality is also 

seen in approximately 5-10% of patients with acute myeloid or lymphoid leukemia 

(Kolibaba and Druker 1997). CML is a triphasic disease consisting of a chronic phase, 

accelerated phase, and blast phase or blast crisis. Most patients are diagnosed while in 

the chronic phase, typically during routine medical exams as a large number of CML 

patients are asymptomatic. This phase is characterized by an increase in myeloid 

progenitor cells and granulocytes (Figure 2). The disease then progresses through an 

accelerated phase, where myeloid progenitor cells accumulate rapidly in the bone 

marrow. Patients then enter blast crisis where complete arrest of hematopoietic 

differentiation is seen, and immature blast cells are found abundantly in circulation 

Figure 2. Hematopoiesis in humans with myeloid lineage affected by CML boxed in red. 
Used with permission from A. Rad and M. Häggström. CC-BY-SA 3.0 license. 
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(Melo and Barnes 2007; Jabbour and Kantarjian 2018). CML patients who enter blast 

crisis resemble acute leukemias and are often given a poor prognosis. 

Chronic myeloid leukemia represented an estimated 15% of all leukemias 

diagnosed in 2019. It has an incidence of 1.9 per 100,000 and affects men almost twice 

as much as women (Howlader N 2019). Traditional treatment for CML often consisted of 

palliative care using nonspecific compounds such as busulfan, hydroxyurea, and 

interferon-alpha. While interferon-alpha was the most successful at prolonging survival, 

by slowing progression into blast crisis, it was limited, as were the others, by a high rate 

of adverse side effects (Hehlmann et al. 1994). Treating CML was revolutionized with 

the development of specific tyrosine kinase inhibitors (TKIs) that allowed for more 

efficient targeting of the disease. Imatinib mesylate (IMT) was the first TKI to be 

approved for clinical use in 2001. In the two decades since then, the annual mortality 

rate of CML fell from 10-20% to 1-2% and patients now only lose an average of 3 life-

years (Druker et al. 2001; Jabbour and Kantarjian 2018; Bower et al. 2016). IMT has 

specificity for the ABL and c-KIT tyrosine kinases. In the case of CML, imatinib mesylate 

binds to or near the ATP-binding domain of the BCR-ABL1 active site, locking it in a 

closed conformation (Iqbal and Iqbal 2014). This prevents BCR-ABL1 from performing 

the excessive downstream phosphorylation that leads to CML cell persistence and 

proliferation. 

While IMT has been successful in prolonging patient survival and transforming a 

fatal disease into a chronic illness, it is important to recognize that IMT is not a curative 
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therapy. To date, the only curative therapy for CML remains bone marrow 

transplantation or allogenic stem cell transplantation, both of which are not available to 

the majority of patients. Cessation of TKI therapy often leads to relapse in patients with 

minimal residual disease (MRD) (Mahon et al. 2010). Another obstacle in the treatment 

of CML with TKIs is the rising resistance to imatinib and other TKIs. There are two 

generally accepted mechanisms of TKI resistance. In BCR-ABL1 dependent resistance, 

there is a mutation in the active site of the oncoprotein that no longer allows for TKI 

binding, thereby allowing persistence of CML cells. BCR-ABL1 independent resistance 

arises when some alternative signaling allows for CML cell persistence even when TKI-

binding is intact (Patel, O'Hare, and Deininger 2017). It is hypothesized that in either 

method of resistance, quiescent leukemic stem cells may hide out in protective niches 

where they can acquire mutations that allow for CML persistence throughout TKI 

therapy.  

Hyaluronic acid (HA) is a simple linear polymer of repeating units of glucuronic 

acid and N-acetylglucosamine that can be several hundred to several thousand units 

long (Figure 3). HA is found 

regularly throughout most 

tissues but is most abundant in 

the extracellular matrix (Necas 

et al. 2008). The structural, 

supportive, and signal 

transduction roles of HA have 

Figure 3. Structure of hyaluronic acid unit consisting of 
glucuronic acid and N-acetylglucosamine. Used with permission. 
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been well-established. HA is abundant in the bone marrow stroma and has been found 

to protect the hematopoietic stem cell niches with antioxidant properties and removal 

of genotoxic agents via P-glycoprotein activation (Lompardía et al. 2013). In recent 

years, research into the role HA plays in cancer biology has intensified. Hyaluronic acid 

accumulation is seen in many pathologic conditions and often correlates with a worse 

prognosis. Serum HA has been found to be elevated in patients with myeloproliferative 

disorders and a small study found that patients with CML have accumulated HA in their 

bone marrow stroma compared to their healthy counterparts (Hasselbalch et al. 1991; 

Sundström et al. 2002). Excess HA in the bone marrow stroma of CML patients may 

provide a protective environment that allows for the proliferation of leukemic stem 

cells. HA fragments can range from large high molecular weight HA (HMWHA), to 

moderate molecular weight HA (MMWHA), to small low and ultra-low molecular weight 

HA (LMWHA, ULMWHA). While HMWHA is the most common size fragment found 

under normal body physiology, LMWHA accumulation can be seen in tumors. These 

smaller HA fragments have been implicated in supporting anchorage-independent 

growth and promoting tumor cell proliferation and migration in a CD44-dependent 

manner (Girish and Kemparaju 2007; Monslow, Govindaraju, and Puré 2015; Stern, 

Asari, and Sugahara 2006). LMWHA fragments also lead to enhanced CD44 cleavage, 

promoting tumor cell progression (Sugahara et al. 2004). Previously, our lab has 

reported that the addition of exogenous LMWHA protects K562 CML cells from 4-

methylumbelliferone-induced apoptosis and loss of cell viability (Ban, Uchakina, and 

McKallip 2015; Uchakina, Ban, and McKallip 2013). By contrast, some reports suggest 
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that ULMWHA fragments can inhibit tumor formation and progression, alleviating the 

effects of LMWHA fragments (Stern 2008). HMWHA has been found to have anti-tumor 

properties, but these still remain unclear. 

Changes in expression patterns of hyaluronan synthases (HAS1, 2, 3), the 

enzymes that produce HA polymers, and hyaluronidases (HYAL1, 2, 3), the enzymes that 

cleave HA into fragments, have also been indicated in tumor progression and cancer 

biology. HAS1 and HAS2 has been found to produce HMWHA, while HAS3 produces 

LMWHA and is the most active of the three HAS enzymes. Research typically focuses on 

HAS2, which is considered the most important hyaluronan synthase since knockout of 

HAS2 in mice is embryonic lethal (Girish and Kemparaju 2007; Passi et al. 2019). HYAL1 

has the ability to cleave any size HA fragment to produce very small fragments, while 

HYAL2 cleaves HMWHA fragments into LMWHA fragments. Both HYAL1 and HYAL2 

cleave HA in a CD44-depedent mechanism. The function of HYAL3 is not entirely clear. 

HYAL2 is considered the more important enzyme due to HYAL2-null mice being 

embryonic lethal (Girish and Kemparaju 2007; Monslow, Govindaraju, and Puré 2015). 

Misregulation of HAS1 and HAS2 are seen in various cancers and lead to the 

accumulation of HA and subsequent HYAL activation. This may result in the production 

of LMWHA fragments that promote tumor progression and metastasis. Furthermore, 

tumors have been found to readily secrete HYALs and generate abundant amounts of 

LMWHA that allows for enhanced CD44 cleavage, aiding in its own migration (Girish and 

Kemparaju 2007; Stern, Asari, and Sugahara 2006). HYAL1 and HYAL2 have aided in 

cancer detection due to their abnormally high presence in numerous cancers (McAtee, 
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Barycki, and Simpson 2014). Targeting the misregulation of the HAS and HYAL enzymes 

may aid in prevention of LMWHA-induced protective environments that allow leukemic 

stem cell persistence throughout TKI therapy. 

 

Another emerging topic in cancer research is the role of small ubiquitin-like 

modifiers (SUMO) and enzymes involved in the SUMOylation process in tumor 

formation and metastasis (Figure 4). SUMO modification, similar to that of 

ubiquitination or phosphorylation, is transient and has been implicated in many cellular 

processes including transcription, nuclear transport, DNA repair, cell cycle regulation, 

and major tumor suppression pathways (Andreou and Tavernarakis 2009). There are 

four SUMO peptides (SUMO1-4) in mammals. As SUMO 2 and 3 share 95% homology 

and have nearly identical functions, they are typically regarded as SUMO2/3. Little is 

Figure 4. Overview of the SUMOylation process. Collected from Bolanger et al. 2019. 
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known about SUMO4 and it is thought to be an expressed pseudogene (Andreou and 

Tavernarakis 2009; Kim and Baek 2006). SUMOylation occurs with the maturation and 

activation of SUMO peptides by a heterodimeric E1 (SAE1/SAE2). The activated SUMO 

protein is then transferred to the E2 UBC9 conjugating enzyme where it is enzymatically 

attached to a lysine residue on the target protein (Boulanger et al. 2019; Kim and Baek 

2006). Increased SUMO presence and activity of SUMOylation components have been 

seen in cancer tissue and implicated in tumor formation, cancer cell proliferation, and 

metastasis. SUMOylation of reptin underlies the reptin/β-catenin mediated repression 

of KAI1, a known tumor suppressor, allowing for tumor formation and metastasis (Kim 

and Baek 2006). SUMOylation of transcription repressor sPRDM16 has been shown to 

be necessary to promote proliferation and halt differentiation in acute myeloid 

leukemia cells (Boulanger et al. 2019). In CML, hyper-SUMOylation of chibby 1 (CBY1) 

was found to lead to its degradation and subsequent removal in BCR-ABL+ CML. CBY1 is 

an antagonist of β-catenin transcriptional activity. β-catenin has been shown to play an 

important role in the self-renewal and persistence of CML cells throughout TKI therapy 

(Mancini et al. 2015; Zhao et al. 2007; Hu et al. 2009). Targeting the SUMOylation 

process may be a novel approach to CML therapy. 

Glycyrrhizic acid (GA) is a triterpene glycoside composed of two units of 

glucuronic acid and one unit of 18 β-glycyrrhetinic acid. GA is isolated from the roots of 

Glycyrrhiza species and is the chief sweetener in licorice. The therapeutic properties of 

licorice root have been known and used in traditional medicine for thousands of years, 

but it wasn’t until the 20th century that GA was found to be the major component of the 
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root. Glycyrrhizic acid has subsequently been found to have antioxidant, anti-

inflammatory, antiviral, antimicrobial, and antitumor properties at the appropriate 

doses (Fiore et al. 2008; Ming and Yin 

2013). It is important to note that the 

dose of GA used must be closely 

monitored as ingestion of too much GA 

can lead to pseudo-hyperaldosteronism, 

severe hypokalemia, muscle weakness, 

and hypertension. The 

recommended daily limit of 

glycyrrhizin intake is 100 mg, or 

approximately 60-70 g of licorice  (Omar et al. 2012). While most research into GA 

focuses on the antiviral properties, such as its role in reducing hepatocellular carcinoma 

risk in patients with chronic hepatitis B and C, its tumor suppressive properties are of 

peak interest to our lab. We have previously reported that GA treatment reduces K562 

CML cell viability and results in increased apoptosis (HOSTETLER et al. 2017). 

Furthermore, GA is a putative and efficient HYAL inhibitor. Purified bovine testis HYAL 

was found to be inhibited by 50% following incubation with 3 µM GA and by 95% 

following incubation with 4.5 µM GA (Furuya et al. 1997). Recently, it has been 

demonstrated that glycyrrhizin also acts as an inhibitor to SUMOylation in human 

embryonic kidney cells, decreasing the level of SUMOylated proteins in a dose-

dependent manner by inhibiting SUMO peptide interaction with SUMOylation 

Figure 5. Structure of glycyrrhizic acid. Adapted/Translated 
by permission from Cedric Stephan Graebin: Springer Nature. 
Sweeteners. Reference Series in Phytochemistry. Graebin C.S. 
(2016) The Pharmacological Activities of Glycyrrhizinic Acid 
(“Glycyrrhizin”) and Glycyrrhetinic Acid. In: Merillon JM., Ramawat 
K. (eds) Sweeteners. Reference Series in Phytochemistry. Springer, 
Cham ©2016. 
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machinery (Bentz et al. 2019). GA is a versatile compound with many applications in 

medicine. With its reported inhibition of hyaluronidase and SUMOylation, as well as its 

antitumor properties, the use of GA in conjunction with current CML TKI therapy may 

allow for more efficient treatment of CML and prevent the rise of TKI resistance. In the 

current study, we examine the efficacy of an imatinib and glycyrrhizic acid combination 

therapy on CML cell lines. We further investigate the mechanism of action of GA 

treatment in CML cell lines, specifically examining the effects on HYAL and SUMOylation. 
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CHAPTER 2 

METHODOLOGY 

 

Reagents.  

Glycyrrhizic acid (GA) was purchased from Spectrum Chemical (New Brunswick, 

NJ). Imatinib (IMT) was provided by Novartis (Basel, Switzerland). Hyaluronic acid (HA) 

was purchased from Lifecore Biomedical (Chaska, MN). Antibodies for β-actin and PARP 

were purchased from Cell Signaling Technology (Danvers, MA). Primers for B2M, 18S, 

HPRT, HAS1-3, HYAL1-3, SUMO1, SUMO2/3, SAE1, SAE2, and UBC9 were purchased 

from Eurofins (Luxembourg City, Luxembourg). 

Cell culture. 

 K562 cell line was purchased from ATCC (Manassas, VA) and maintained in RPMI 

1640 (Gibco Laboratories, NY) supplemented with 10% fetal bovine serum, 10 mM 

HEPES, and 1% streptomycin/penicillin. Growth medium was replenished as needed. 

Imatinib-resistant K562 cell line (RK562) was purchased from ATCC and maintained as 

described above, with the addition of 1.0 µM IMT.
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Measurement of the effect of imatinib and glycyrrhizic acid on cell viability.  

K562 cells were seeded at a density of 0.5x106 cells/well and cultured for 48 h in 

the presence of IMT (0.2-0.4 µM), GA (1.0-2.0 mM), or a combination of the two (0.2 µM 

IMT + 1.0 mM GA, 0.2 µM IMT + 2.0 mM GA, 0.4 µM IMT + 1.0 mM GA, or 0.4 µM IMT + 

2.0 mM GA). Cells were harvested and washed with PBS. Viable cell count was 

determined using 0.4% Trypan Blue (Lonza, Basel, Switzerland) exclusion assay. RK562 

cells were seeded at a density of 0.5x106 cells/well and cultured for 48 h in the presence 

of IMT (1.0-2.5 µM), GA (1.0-2.0 mM), or a combination of the two. Viable cell counts 

were determined as described above. 

Measurement of the effect of imatinib and glycyrrhizic acid on cell proliferation. 

 K562 cells were seeded at a density of 5.0x104 cells/well and cultured for 48 h in 

the presence of IMT (0.2-0.4 µM), GA (1.0-2.0 mM), or a combination of the two as 

described above. Following treatment, 10 µL of MTT reagent (R&D Systems, 

Minneapolis, MN) was added to each well and the plates were incubated at 37°C for 4h. 

Next, 100 µL of Detergent reagent (R&D Systems) was added to each well and the plates 

were incubated at room temperature in the dark overnight. Absorbance at 595 nm was 

determined using a Multiskan FC Microplate Photometer (Thermo Fisher Scientific, 

Waltham, MA). Imatinib-resistant K562 (RK562) cells were seeded at a density of 

5.0x104 cells/well and cultured for 48 h in the presence of IMT (1.0-2.5 µM), GA (1.0-2.0 

mM), or a combination of the two (1.0 µM IMT + 1.0 mM GA, 1.0 µM IMT + 2.0 mM GA, 

1.5 µM IMT + 1.0 mM GA, 1.5 µM IMT + 2.0 mM GA, 2.0 µM IMT + 1.0 mM GA, 2.0 µM 
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IMT + 2.0 mM GA, 2.5 µM IMT + 1.0 mM GA, or 2.5 µM IMT + 2.0 mM GA). Absorbance 

values were determined as described above. 

Measurement of the effect of hyaluronic acid on imatinib and glycyrrhizic acid 

treatment. 

 K562 cells were seeded at a density of 5.0x104 cells/well and cultured for 48 h in 

the presence of IMT (0.2-0.4 µM), GA (1.0-2.0 mM), HA (100 µg/mL) or a combination of 

the three. Two plates were prepared: one using LMWHA and one using HMWHA. 

Following treatment, absorbance values were determined as described above. 

Measurement of the effect of imatinib and glycyrrhizic acid on apoptosis.  

K562 cells were seeded at a density of 0.5x106 cells/well and cultured for 48 h in 

the presence of IMT (0.2-0.4 µM), GA (1.0-2.0 mM), or a combination of the two. Cells 

were harvested and washed with PBS before being prepared for analysis using TACS 

Annexin V-FITC Apoptosis kit (Trevigen, Gaithersburg, MD). Briefly, the samples were 

stained with FITC-labeled Annexin V and PI and allowed to incubate in the dark for 15 

min at room temperature. Apoptosis levels were then analyzed using a BD FACSAria II 

Special Order flow cytometer (BD Biosciences). RK562 cells were seeded at a density of 

0.5x106 cells/well and cultured for 48 h in the presence of IMT (1.0-2.5 µM), GA (1.0-2.0 

mM), or a combination of the two. Apoptotic cell levels were determined as described 

above. 
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Western blot.  

K562 cells were seeded at a density of 0.5x106 cells/well and cultured for 48 h in 

the presence of IMT (0.2-0.4 µM), GA (1.0-2.0 mM), or a combination of the two. Cells 

were harvested and washed with PBS. Proteins were extracted using RIPA buffer (Pierce, 

Rockford, IL) supplemented with 1% protease inhibitor cocktail (Sigma-Aldrich, St. Louis, 

MO), 1% phosphatase inhibitor (Sigma-Aldrich), and 1% N-ethylmaleimide (Thermo 

Fisher Scientific). Protein concentration was determined by Coomassie Protein Assay 

Reagent (Thermo Fisher Scientific). Cell lysates were then resolved in 4-20% gradient 

polyacrylamide SDS gels (Bio-Rad, Hercules, CA) and proteins were subsequently 

transferred to a polyvinylidene fluoride membrane (Bio-Rad). The membrane was 

blocked with 5% non-fat dry milk in TBST (TBS with 0.1% Tween 20) for 1 h at room 

temperature. Primary antibodies against PARP (1:1000) and β-actin (1:3500) (Cell 

Signaling Technology) were used to probe the membrane in 1X TBS overnight at 4°C. 

The membrane was washed with TBST 3 times for 10 minutes each wash before probing 

with HRP-conjugated secondary antibody (1:3500) for 1 h at room temperature. The 

proteins of interest were illuminated through incubation with WesternBright ECL HRP 

substrate (Advansta, San Jose, CA) and images were developed using a ChemiDoc Touch 

Imaging System (Bio-Rad). 

Measuring the effect of glycyrrhizic acid on gene expression patterns.  

K562 cells were seeded at a density of 0.5x106 cells/well and cultured for 48 h in 

the presence of GA (1.0-4.0 mM). Cells were harvested and washed with PBS. RNA was 
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isolated using the GeneJET RNA Purification kit (Thermo Fischer Scientific). Briefly, cells 

were lysed with lysis buffer supplemented with 2% β-mercaptoethanol. Anhydrous 

ethanol (IBI Scientific, Peosta, IA) was then added and the sample was transferred to a 

purification column where it underwent 1 wash with Wash Buffer 1 and 2 washes with 

Wash Buffer 2 before the purified RNA was collected with nuclease-free water. RNA 

concentration was measured using a NanoDrop Lite Spectrophotometer (Thermo Fisher 

Scientific). RNA concentrations were normalized, and cDNA was synthesized using the 

High Capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, CA). 

Briefly, 10 µL of diluted RNA was added to 10 µL of master mix containing RT buffer, 

RTase, dNTPs, random primers, and RNase inhibitor. Reverse transcription was 

performed using a MJ Mini Personal Thermal Cycler (Bio-Rad). qPCR analysis of the 

cDNA was done using a StepOnePlus Real-Time PCR System (Applied Biosystems). 

Briefly, 50 ng cDNA/well was used with PowerUp SYBR Green (Applied Biosystems) and 

the appropriate primer (Eurofins). A list of primers used can be found in Table 1. 

Relative quantification was analyzed using the ΔΔCT method. 

Statistical analysis. 

 Results are presented as mean ± standard deviation. Statistical analysis was 

performed using Welch’s two-tailed t-test as appropriate. Asterisks denote p<0.05 and 

double asterisks denote p<0.01 when comparing to untreated control. Hashtag denote 

p<0.05 and double hashtag denote p<0.01 when comparing to the respective IMT alone 

sample. 
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Gene Role Forward sequence 5’ à 3’ Reverse sequence 5’ à 3’ 
B2M Endogenous  

control 
CTCCGTGGCCTTAGCTGTG 
 

TTTGGAGTACGCTGGATAGCCT 
 

18S Endogenous  
control 

CGGCTACCACATCCAAGGAA GCTGGAATTACCGCGGCT 

HPRT Endogenous 
control 

TGACACTGGCAAAACAATGCA GGTCCTTTTCACCAGCAAGCT 

HAS1 Target TCAAGGCGCTCGGAGATTC CTACCCAGTATCGCAGGCT 
HAS2 Target CTCTTTTGGACTGTATGGTGCC AGGGTAGGTTAGCCTTTTCACA 
HAS3 Target CAGCCTATGTGACGGGCTAC CCTCCTGGTATGCGGCAAT 
HYAL1 Target CGATATGGCCCAAGGCTTTAG ACCACATCGAAGACACTGACAT 
HYAL2 Target GGCCCCACCGTTACATTGG3 ATTCTGGTTCACAAAACCCTCAT 
HYAL3 Target AAGAACCAACTCGGCCTCTAT TGTGGTGGATCTGGTAGGCA 
SUMO1 Target AGCAGTGAGATTCACTTCAAAGTG TCTGACCCTCAAAGAGAAACCTG 
SUMO2/3 Target AGCCCAAGGAAGGAGTGAAG TTGACAATCCCTGTCGTTCA 

SAE1 Target AGGACTGACCATGCTGGATCAC CTCAGTGTCCACCTTCACATCC 
SAE2 Target GATAACAGAGCTGCCCGAAAC ATAACACTCGGTCACACCCTTT 
UBC9 Target ACCATTATTTCACCCGAATGTGT CTCGGACCCTTTTCTCGTACT 

Table 1. List of primer sequences used for analysis of gene expression patterns.   
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CHAPTER 3 

RESULTS 

 

Imatinib and glycyrrhizic acid combination therapy resulted in a decrease in CML cell 

viability and proliferation. 

 K562 cells were cultured with varying concentrations of IMT, GA, or a 

combination of the two for 48 h, followed by determination of cell viability (Figure 6A) 

and proliferation (Figure 6B) post-treatment. Cell viability was determined by trypan 

blue exclusion assay. 2.0 mM GA alone was sufficient to cause a significant decline in cell 

viability (6.51 ± 2.60 x105 cells/mL) compared to the untreated control (11.49 ± 3.74 

x105 cells/mL). This decline was enhanced with the addition of 0.2 µM IMT (6.04 ± 2.61 

x105 cells/mL) and 0.4 µM (4.9 ± 2.33 x105 cells/mL) to 2.0 mM GA. Additionally, 

cotreatment with 0.2 µM + 2.0 mM GA and with 0.4 µM + 2.0 mM GA caused a 

significant decrease in cell viability relative to the respective IMT alone treatments. 

 Proliferation was determined by MTT proliferation assay. Absorbance values 

were normalized by dividing sample absorbance values (A595sample) by the untreated 

control absorbance value (A595control). Again, 2.0 mM GA alone (0.65 ± 0.20 normalized 

A595) was sufficient to cause a significant decline in proliferation compared to the 

untreated control (1.00 ± 0.00 normalized A595). The addition of 0.2 µM IMT (0.55 ± 

0.018 normalized A595) and 0.4 µM (0.47 ± 0.14 normalized A595) to 2.0 mM GA led to 
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a further decline in proliferation. Furthermore, cotreatment with 0.2 µM + 2.0 mM GA 

and with 0.4 µM + 2.0 mM GA caused a significant decrease in cell viability from the 

respective IMT alone treatments. Interestingly, treatment with 1.0 mM GA (1.18 ± 0.21 

normalized A595) induced a significant increase in proliferation. Taken together, a 

combination therapy of IMT and GA, at the appropriate concentrations, is more efficient 

at limiting CML viability and proliferation than either IMT or GA alone. 
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Exogenous hyaluronic acid does not protect CML cells from the effects of imatinib and 

glycyrrhizic acid on cell proliferation. 

 To determine whether hyaluronic acid would allow for CML proliferation during 

IMT and GA treatment, K562 cells were incubated in varying concentrations of IMT, GA, 

HA or a combination of the three for 48 h. Cell viability was then measured using MTT 

analysis (Figure 7). Absorbance values were normalized by dividing the absorbance value 

of the samples treated with 100 µg/ml LMWHA or HMWHA by the absorbance value of 

the corresponding samples without HA treatment. Neither the addition of LMWHA or 

HMWHA provided K562 cells significant protection while undergoing IMT and GA 

cotreatment, with a decrease in proliferation seen in a dose-dependent manner. In fact, 

a significant reduction in cell proliferation was found at 2.0 mM GA and 0.2 µM IMT + 

1.0 mM GA in the presence of LMWHA. Similarly, a reduction in cell proliferation was 

found at 2.0 mM GA, 0.2 µM IMT + 2.0 mM GA, 0.4 µM IMT, and 0.4 µM + 2.0 mM GA in 

the presence of HMWHA.  
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Imatinib and glycyrrhizic acid combination therapy led to an increase in CML cell 

apoptosis. 

 To determine whether IMT and GA therapy led to an induction of apoptosis in 

CML, K562 cells were cultured in varying concentrations of IMT, GA, or a combination of 

the two for 48 h prior to Annexin V-FITC analysis (Figure 8A-D). This assay allowed for 

the differentiation between viable cells, cells in early stages of apoptosis (displaying of 

phosphatidylserine on cell surface), and cells in late stages of apoptosis (loss of 

membrane integrity and exposed nucleic acids). Apoptosis increased in a dose-

dependent manner following treatment. A minor increase in total apoptotic cell 

population was seen with the addition of 0.2 µM and 0.4 µM IMT compared to the 

untreated control (12.9% ± 3.18%). Significant induction of apoptosis was seen after the 

addition of 2.0 mM GA to 0.2 µM and 0.4 µM IMT, resulting in a total apoptotic 

population of 31.8% ± 4.64% and 33.5% ± 2.8%, respectively. Furthermore, treatment 

with 0.4 µM IMT + 2.0 mM GA led to a 2-fold increase and a 1.3-fold increase in the total 

drug-induced apoptotic cell population from 0.4 µM IMT alone and 2.0 mM GA alone, 

respectively. The induction of apoptosis due to treatment was confirmed by detection of 

PARP cleavage. Increased PARP cleavage was seen with increased combination 

treatment concentrations (Figure 9). These data demonstrate that an IMT and GA 

combination therapy induces apoptosis in CML cells. 
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Imatinib-resistant CML proliferation is diminished with imatinib and glycyrrhizic acid 

treatment. 

 The effect of IMT and GA combination therapy on resistant CML (RK562) 

proliferation was examined using MTT assay (Figure 10). RK562 cells were cultured in 

varying concentrations of IMT, GA, or a combination of the two for 48 h. A significant 

reduction in proliferation was seen at 2.0 mM GA (0.78 ± 0.05 normalized A595), 1.0 µM 

IMT + 2.0 mM GA (0.65 ± 0.04 normalized A595), 1.5 µM IMT + 2.0 mM GA (0.52 ± 0.11 

normalized A595), and all greater concentrations of treatments. Additionally, the 

addition of 2.0 mM GA to 1.5 µM, 2.0 µM, and 2.5 µM IMT led to a greater decrease in 

proliferation than the respective IMT alone treatments. These data suggest that a 

combined therapy consisting of IMT and GA may effectively target resistant CML.  
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Imatinib and glycyrrhizic acid combination therapy led to an increase in drug-induced 

apoptosis in imatinib-resistant CML. 

 Induction of apoptosis in imatinib-resistant CML was determined using Annexin 

V-FITC assay following 48 h incubation of RK562 cells with varying concentrations of 

IMT, GA, or a combination of the two (Figure 11A-D). Drug-induced apoptosis increased 

in a dose dependent manner, with the total apoptotic population increasing from 3.9% 

in the untreated control to 24.9% after treatment with 2.5 µM IMT + 2.0 mM GA. The 

addition of 2.0 mM GA led to a 2- to 13-fold increase in the total apoptotic cell 

population from the IMT alone treatments. The greatest increase in total apoptotic cells 

was seen at 1.0 µM IMT + 2.0 mM GA (13-fold change from IMT alone), while the 

greatest total apoptotic population was found after incubation with 2.5 µM IMT + 2.0 

mM GA. These data indicate that IMT and GA work synergistically to effectively induce 

apoptosis in RK562 cell lines. 

Glycyrrhizic acid treatment results in changes in gene expression for hyaluronan 

synthase, hyaluronidase, and SUMO and its machinery 

 To determine the mechanism of action of GA in targeting CML, reverse 

transcription quantitative PCR (RT-qPCR) was used to examine changes in gene 

expression patterns following culture of K562 cells for 48 h in the presence of varying 

concentrations of GA (Figure 12A-D). HAS1 was significantly downregulated following 

treatment with 1.0 mM GA (2.5-fold) and 4.0 mM GA (17-fold). A 1.9-fold 

downregulation of HAS1 was seen following 2.0 mM GA treatment. Treatment with 4.0 



 

 

25 

mM GA led to a 3.7-fold increase in HAS2 expression and a 5.4-fold increase in HAS3 

expression. Treatment with 4.0 mM GA also led to a 2.6-fold decrease in HYAL2 

expression and just under a 2-fold decrease in HYAL3 expression. No significant change 

in expression of SUMO peptides or the SUMOylation machinery (SAE1, SAE2, and UBC9) 

was seen following GA treatment.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. RT-qPCR analysis depicting gene expression pattern of (A) hyaluronan synthases, (B) 
hyaluronidases, (C) SUMO peptides, and (D) SUMOylation machinery following 48 h treatment with varying 
concentrations of GA. * denotes p≤0.5 compared to control  ** denotes p≤0.1 compared to control  # denotes p≤0.5 compared to 
IMT alone  ## denotes p≤0.1 compared to IMT alone 
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CHAPTER 4 

DISCUSSION 

 

In the current study, the efficacy of a combined imatinib and glycyrrhizic acid 

therapy was examined using human chronic myelogenous leukemia cell lines. Culturing 

K562 cells in IMT + GA led to loss of cell viability and a reduction in proliferation greater 

than that seen by culturing in IMT or GA alone. Furthermore, IMT + GA treatment was 

more effective at inducing apoptosis. Importantly, imatinib-resistant CML cells were 

sensitive to a combined IMT + GA therapy. Exposure of RK562 cells to IMT + GA resulted 

in diminished cell viability and proliferation and increased apoptosis. Previous studies 

found that IMT leads to cell cycle arrest in several types of carcinomas, including CML 

(Drullion et al. 2012; Kadivar et al. 2017; Kim et al. 2019). Taken together, these findings 

suggest that incorporating GA into well-established TKI regimes may provide a novel 

way to target sensitive- and resistant-CML. 

 While the development of IMT and other TKIs has led to the successful control of 

CML, it is not a curative treatment. Animal models have revealed that TKI therapy does 

not completely eradicate leukemic stem cells and the persistence of BCR-ABL+ cells can 

lead to a state of minimal residual disease (MRD) in patients (Hu et al. 2009; Ren 2005). 

In fact, it has been reported that a large number of patients taking imatinib that achieve 
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a sustained complete molecular response (CMR) maintain a level of MRD that is near 

the detection limit (Ross et al. 2010). This persistence of CML is thought to occur in the 

bone marrow, where a protective niche may be formed by the modulation of hyaluronic 

acid. Leukemic stem cells are then able to accumulate mutations that allow for TKI 

resistance while being protected from ongoing TKI therapy. 

 Mounting evidence suggests that HA accumulation and modulation is a hallmark 

of many malignancies. Specifically, that LMWHA induces angiogenesis and metastasis of 

tumors, while HMWHA is tumor suppressive (Monslow, Govindaraju, and Puré 2015; 

West et al. 1985; Itano, Zhuo, and Kimata 2008; Toole 2004). It is important to 

understand the role HA plays in cancer biology to better tailor therapies to target 

cancerous cells. Interestingly, cancer-resistant naked mole rats were found to have large 

concentrations of very high molecule weight HA and very low hyaluronidase activity 

(Tian et al. 2013). Our lab has previously reported the protective effect of LMWHA 

against 4-MU toxicity in CML (Ban, Uchakina, and McKallip 2015; Uchakina, Ban, and 

McKallip 2013). This study examined whether LMWHA protect CML cells during 

treatment with IMT, GA, or a combination of the two. We found that the addition of 

exogenous HA, whether low molecule weight or high molecular weight, did inhibit the 

effects of IMT and GA on CML cell proliferation. These findings suggest that IMT + GA 

may be acting in a manner independent of HA. Alternatively, HA in the tumor 

environment may look qualitatively and quantitively different than what was produced 

in our experimental conditions. In addition, it may be possible that hyaluronic acid aids 

in CML survival and persistence while undergoing IMT treatment, without affecting 
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proliferation. Future studies will need to examine whether cell viability is affected by the 

addition of exogenous HA. 

 Glycyrrhizic acid has been used in traditional medicine for thousands of years in 

the form of licorice root herbal drinks. While GA’s anti-tumor properties have been 

established, there is very little literature on GA and its potential as a chemotherapeutic 

agent in CML (Huang et al. 2014; Khan et al. 2013). Our findings suggest that GA is an 

effective drug against sensitive- and resistant-CML cell lines, especially in combination 

with IMT. The mechanism of action of GA is not fully understood. Previous reports 

indicate that GA is a putative hyaluronidase inhibitor, directly affecting HYAL activity. 

Gene expression changes of hyaluronidases were examined using RT-qPCR. 

Downregulation of all isoforms of hyaluronidase was seen at all concentrations of GA, 

with the most substantial decrease in expression seen at 4.0 mM GA. The most drastic 

downregulation was seen in HYAL2, whose corresponding protein (HYAL2) is typically 

regarded as the most active and most important of the three hyaluronidases. 

Importantly HYAL1, which encodes HYAL 1 that cleaves HMWHA into tumor supportive 

LMWHA fragments, was also considerably downregulated at 4.0 mM GA. This suggests 

that while GA has been shown to directly inhibit HYAL activity, it may also work to 

decrease HYAL expression. Without HYAL activity, CML cells cannot produce the 

LMWHA fragments that allow for tumor persistence and growth. 

 To better understand GA’s effects on HA modulation as a whole, gene expression 

changes of the hyaluronan synthases post-treatment were also examined. Decreased 
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expression of HAS1 was seen at all concentrations of GA, while HAS2 and HAS3 were 

upregulated significantly at 4.0 mM GA. HAS1 produces high molecular weight 

hyaluronic acid HMWHA, which has been found to be tumor suppressive. With the 

inability to cleave HMWHA into smaller, protective fragments due to the inhibition of 

the HYALs, CML cells may be trying to prevent the accumulation of HMWHA by greatly 

limiting HAS1 expression. While HAS2 also produces HMWHA, it does so in response to 

shock and inflammation, which could explain the upregulation following treatment with 

toxic levels of GA (Gaffney et al. 2010). Interestingly, the overexpression of HAS2 has 

been shown to suppress tumor growth when HYAL1 expression is minimal (Simpson 

2006). Coexpression of HAS2 and HYAL1 led to enhanced tumor growth. In the context 

of CML, treatment with GA may lead to diminished HYAL1 expression and activity with 

enhanced HAS2 expression resulting in diminished tumorigenesis. Finally, HAS3 has 

been shown to produce low molecular weight fragments of hyaluronic acid, aiding in 

tumor survival and growth. This provides a potential explanation for the enhanced 

expression of HAS3 following CML cell treatment with GA. More HAS3 activity would 

allow for LMWHA accumulation that could aid in protection from toxic levels of GA.  

As SUMOylation has been increasingly implicated in tumor progression, 

inhibition of SUMOylation would aid in targeting numerous forms of cancer. Recently, 

glycyrrhizic acid has been shown to inhibit SUMOylation without affecting the closely 

related process of ubiquitination. Very little is known about SUMOylation in the context 

of CML. Diminished expression of SUMO1 and SUMO2/3 was seen at all concentrations 

of GA indicating GA’s suppression of SUMO peptide production. Although SUMO2/3 has 
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been found to exist in greater concentrations within the cell and to be expressed more 

abundantly in response to stress, there was a more significant reduction in expression 

for SUMO2/3 than for SUMO1 (Ayaydin and Dasso 2004; Saitoh and Hinchey 2000). 

Interestingly, a greater reduction in SUMO peptide expression was seen at lower 

concentrations of GA. This may be explained due to high concentrations of GA being 

extremely toxic to CML cells that the cells focus on enhancing other survival pathways to 

evade treatment. Changes in SUMOylation machinery expression were also seen 

following treatment with GA. UBC9 was slightly downregulated at all concentrations and 

SAE2 had significantly decreased expression at 4.0 mM GA. This indicates that 

glycyrrhizic acid may interfere with the process of SUMOylation by preventing the 

activation and conjugation of SUMO peptides via changes in expression of those genes.  

Although imatinib has been long established as an effective treatment for 

chronic myelogenous leukemia, the role of glycyrrhizic acid in cancer biology and cancer 

therapy is yet to be fully understood. The findings of this study indicate the potential 

use for GA as a supplemental therapy alongside the standard IMT chemotherapy used 

for the treatment of CML. Additionally, the findings suggest that GA acts on CML cells by 

modifying expression of genes relating to hyaluronic acid modification and 

SUMOylation. While this study provided new insights into the treatment of chronic 

myelogenous leukemia, further investigation is required for a more in-depth 

understanding of imatinib and glycyrrhizic acid combination therapy. 
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CHAPTER 5 

CONCLUSIONS 

 

In summary, the present study found that a combination therapy of imatinib and 

glycyrrhizic acid was more effective at reducing chronic myelogenous leukemia cell 

viability and proliferation, and more effective at inducing apoptosis, than either 

treatment alone. Imatinib-resistant chronic myelogenous leukemia cells were sensitive 

to a combination therapy of imatinib and glycyrrhizic acid, with cotreatment leading to 

decreased viability and increased apoptosis. To our knowledge, this is the first study that 

examined the mechanism of action of glycyrrhizic acid in the context of chronic 

myelogenous leukemia. The data collected indicates that glycyrrhizic acid inhibits 

expression of the hyaluronidase enzymes, as well as affecting the expression of the 

hyaluronan synthase enzymes. The data also suggests that SUMOylation is minorly 

inhibited by glycyrrhizic acid treatment. Taken together, this study found that a 

combination therapy consisting of imatinib and glycyrrhizic acid allows for efficient 

treatment of sensitive- and resistant-chronic myelogenous leukemia.  
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CHAPTER 6 

FUTURE DIRECTIONS 

 

 The data collected in the present study suggests that combinational therapy of 

chronic myelogenous leukemia with imatinib and glycyrrhizic acid may provide a more 

efficient treatment for sensitive and imatinib-resistant CML. It further suggests that GA’s 

effects may be achieved by the inhibition of hyaluronidase activity and the inhibition of 

SUMOylation. While this brings a new understanding to the use of combinational 

therapies in CML and the mechanism of GA, further research is required to provide a 

more complete understanding of these topics. 

 This study investigated the effects of cotreatment on cell viability, cell 

proliferation, and apoptosis on sensitive and imatinib-resistant CML cell lines. Decreases 

in cell viability and cell proliferation, along with an increase in apoptosis and PARP 

cleavage, were seen in a dose-related manner. To further confirm that combination 

therapy allows for efficient treatment of CML, examining metastasis using migration 

assays and eventually moving into in vivo studies would be extremely useful. 

 The role of hyaluronic acid in the cancer biology was examined by the addition of 

exogenous LMWHA and HMWHA to the combinational therapy. The data indicates that 

neither LMWHA nor HMWHA protected CML cells while undergoing treatment with
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IMT and GA. Moving forward, it would be beneficial to investigate whether the addition 

of LMWHA or HMWHA to CML cells undergoing combinational therapy allows CML cell 

survival and persistence. This could be accomplished using cell viability and apoptosis 

assays. Furthermore, as literature increasingly points to LMWHA being tumor-

supportive and aiding in metastasis, it would be helpful to examine metastasis via 

migration assays following the addition of LMWHA to an IMT and GA treatment. 

 Finally, this study is the first to have examined the mechanism of action of 

glycyrrhizic acid in the context of chronic myelogenous leukemia, using quantitative 

reverse-transcription PCR to determine gene expression patterns following treatment 

with GA. The data indicates that GA reduces the expression of all forms of hyaluronidase 

and reduces the expression of hyaluronan synthase 1. The data also suggests that GA 

reduces the expression of SUMO peptides and SAE2, which is important for activating 

the peptides. While this data is a step forward, much more research is necessary to 

confidently identify GA’s mechanism of action. Further gene expression patterns, direct 

enzymatic activity of hyaluronidase following GA treatment, and cleavage patterns of 

hyaluronan following incubation with hyaluronidase and GA should be examined to 

determine the effect GA has on hyaluronidase activity and hyaluronan modulation. 

Western blot determination of protein levels of SUMO peptides, SAE1, SAE2, and UBC9, 

as well as changes in SUMOylation levels via immunoprecipitation, should be examined 

to determine the role of GA in the SUMOylation process in CML. 
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